. weakness o f t h e c o n v e n t i o n a l CAES c o n c e p t i s i t s r e l i a n c e on c l e a n p e t r o l e u m f u e l s d u r i n g t h e power g e n e r a t i o n p e r i o d .
T h i s consumption o f p e t r o l e u m c o u l d . b e c o m p l e t e l y e l i m i n a t e d by t h e u s e of c o a l -f i r e d f l u i d bed c o m b u s t o r s i n second g e n e r a t i o n CAES p l a n t s . A l a r g e number of CAES power s y s t e m c o n f i g u ra t i o n s a r e p o s s i b l e u s i n g a t m o s p h e r i c f l u i d bed combustion (AFBC) and -p r e s s u r i z e d f l u i d bed combustion (PFBC). The . f u e l consumption r a t e s f o r t h e s e
. .
s y s t e m s a r e g e n e r a l l y comparable t o t h o s e f o r o i l -f i r e d CAES s y s t e m s . The f u t u r e p r o g n o s i s f o r u s i n g PFBC i n CAES s y s t e m s ' l o o k s good. Recent c o r r o s i o n and e r o s i o n e x p e r i m e n t s i n f l u i d bed s y s t e m s s u g g e s t t h a t g a s t u r b i n e s . w i t h a c c e p t a b l e l i f e t i m e s a r e a d i s t i n c t p o s s i b i l i t y . The commercial s t a t u s of t h e s e s y s t e m s depends on t h e outcome o f , e x t e n s i v e c o r r o s i o n / e r o s i o n t e s t i n g i n s t a t i c and r o t a t i n g t e s t r i g s . CAES s y s t e m s u s i n g AFBC may b e an a t t r a c t i v e alternative t o u s i n g PFBC, a l t h o u g h t h e m a t e r i a l s problem would t h e n b e t r a n s f e r r e d from t h e ' t u r b i n e t o t h e h i g h t e m p e r a t u r e h e a t s x c h a n g e r s u r f a c e . A reasonable e x p e c t a t i o n f o r t h e d a t e o f c o m i i e r c i a l i z a t i o n o f f l u i d bed

INTRODUCTION
An e n e r g y s t o r a g e s y s t e m which c o u l d b e a t t r a c t i v e f o r f u t u r e e l e c t r i c u t i l i t y p2ak power a p p l i c a t i o n s i s a m o d i f i e d g a s t u r b i n e power s y s t e m u t i l i z i n g underground s t o r a g e of compressed a i r . I n c o n v e n t i o n a l compressed a i r e n e r g y s t o r a g e (CAES) schemes ( s e e R e f . / l ) , s y n c h r o n o u s g e a r q l u t c h e s . would be used t o .uncouple t h e compressor and t u r b i n e s o t h a t t h e y would o p e r a t e d u r i n g d i f f e r e n t t i m e i n t e r v a l s -( s e e F i g . 1 ) . D u r i n g . 1 0~-l o a d , o f fpeak p e r i o d s t h e main e l e c t r i c g e n e r a t o r would b e used a s a motor t o d r i v e t h e c o m p r e s s o r . The compressed a i r would t h e n be s t o r e d underground. Durings u b s e q u e n t peak l o a d p e r i o d s t h e compressed a i r would b e withdrawn from s t o r a g e , mixed k i t h p e t r o l e u m f u e l , b u r n e d , and expanded t h r o u g h t h e t u r b i n e . t o g e r i e r a t e power. T h i s c o n v e n t i o n a l p e t r o ' l e u m -f i r e d scheme r e p r e s e n t s a p r a c t i c a l compromise between low equipment c o s t , r e l a t i v e l y s m a l l s t o r a g e volume, and low f u e l consumption. One s u c h s y s t e m i s c u r r e n t l y i n o p e r a t i o n i n Vest Germany, and o t h e r s of t h i s t y p e a r e deemed l i k e l y i n t h e f o r e s e e a b l e f u t u r e .
A p o t e n t i a l l o n g -t e r m weakness of t h e c o n v e n t i o n a l CAES c o n c e p t i s i t s r e l i a n c e on c l e a n p e t r o l e u m f u e l s d u r i n g t h e power g e n e r a t i o n p e r i o d .
It seems a p p r o p r i a t e , t h e r e f o r e , t o i n v e s t i g a t e advanced CAES c o n c e p t s d e s i g n e d I n p r i n r i p l e , a l l of t h e s e c o n f i g u r a t i o n s would u s e a c o a l -f i r e d FBC t o r e p l a c e t h e p e t r o l e u m -f i r e d b u r n e r of t h e c o n v e n t i o n a l CAES a r r a n g e m e n t .
The p u r p o s e o f t h i s p a p e r i s t o p r e s e n t t h e h i g h l i g h t s of an ongoing t e c h n i c a l and economic a s s e s s m e n t of t h e f e a s i b i l i t y o f c o a l -f i r e d FBC augmented w i t h t h e Department of Energy. I t i s b a i n g performed by a s t u d y team managed by t h e U n i t e d Techn o l o g i e s R e s e a r c h C e n t e r (UTRC) which i n c l u d e s Coal P r o c e s s i n g C o n s u l t a n t s , L t d . of t h e U n i t e d Kingdom and Acres American, I n c , ,
T h i s p a p e r s.ummarizes t h e t e c h n i c a l work completed d u r i h g t h e f i r s t q u a r t e r of t h e s t u d y p e r i o d . The s u b j e c t s a d d r e s s e d i n c l u d e t h e f l u i d bed combus t i o n t e c h n o l o g y r e v i e w and a s s e s s m e n t , t h e turbomachinel-!: t e c h n d l o g y r e
v i e w and Assessment., component a v a i l a b i l i t y and R&D r e q u i r e m e n t s , a l t e r n a t i v e s y s t e m c o n f i g u r a t i o n s , a n d . p r e l i m i n a r y performance e s t i m a t e s .
FLUID BED CObIBUSTION TECHNOLOGY
A f l u i d bed i s p r o d u c t e d by t u r b u l e n t f l o a t a t i o n of c r u s h e d i n e r t m a t e r i a l i n a r i s i n g a i r s t r e a m . The p r i n c i p l e of bed f l u i d i z a t i o n i s q u i t e s i m p l e ( s e e F'ig. 2 ) . When a s t a t i ' c bed of r e l a t i v e l y d e n s e p a r t i c l e s i s s u b j e c t e d t o an upward, l o w -v e l o c i t y f l o w of g a s , t h e g a s p a s s e s t h r o u g h t h e bed w i t h o u t d i s t u r b i n g t h e p a r t i c l e s .
I f t h e v e l o c i t y of t h e g a s i s cont i n u a l l y i n c r e a s e d , however, a p o i n t w i l l e v e n t u a l l y b e . r e a c h e d a t which t h e i n d i v i d u a l p a r t i c l e s w i l l b e f o r c e d upwards by t h e aerodynamic d r a g f o r c e and i n c i p i e n t f l u i d i z a t i o n w i l l b e g i n .
I f t h e g a s v e l o c i t y i s f u r t h e r i n c r e a s e d , e x p a n s i o n o f t h e bed o c c u r s p e r m i t t i n g a n i n c r e a s e i n t h e g a s f l o w r a t e . S t i l l f u r t h e r i n c r e a s e s i n gas v e l o c i t y c a u s e p r o g r e s s i v e l y l a r g e r p a r t i c l e s t o become e n t r a i n e d i n and . c a r r i e d o f f ( e l u t r i a t e d ) by t h e g a s s t r e a m . C o n s e q u e n t l y , f o r a p a r t i c u l a r bed w i t h a g i v e n p a r t i c l e s i z e r a n g e t h e r e w i l l be a n u p p e r and lower l i m
i t of v e l o c i t y ( f l u i d i z i n g v e l o c i t y ) between which s a t i s f a c t o r y f l u i d i z a t i o n w i l l be e s t a b l i s h e d .
. . The f l u i d i z i n g g a s i s t h e combustion a i r . Coal i s f e d c o n t i n u o u s l y i n t o t h e bed i n t h e q u a n t i t y r e q u i r e d t o m a i n t a i n t h e d e s i r e d ' bed t e m p e r a t u r e .
I n FBC, t h e , p a r t i c l e s forming t h e bed a r e composed of s u i t a b l e i n e r t m i n e r a l m a t t e r . For c o a l b u r n i n g , t h e s e would p r o b a b l y b e t h e r e s i d u a l ash
The d e s i g n of a c o a l -f i r e d FBC i s s i g n i f i c a n t l y i n f l u e n c e d by t h e o p e r a t i n g c o n d i t i o n s . The most i m p o r t a n t o f t h e s e a r e bed t e m p e r a t u r e , f l u i d i z i n g v e l o c i t y , o p e r a t i n g p r e s s u r e , and p a r t i c l e s i z e . The FBC bed t e m p e r a t u r e muSt be c o n t r o l l e d w i t h i n f a i r l y narrow limits, i . e . , ,1425 t o 1650 F (775 L U . , .5 m/s) f o r a n AFBC. O p e r a t i o n w i t h i n t h i s r a n g e w i l l e s t a b l i s h bed f l u i d i z a t i o n , p r o v i d e oxygen f o r combustion, and l i m i t e l u t r i a t i o n of bed p a r t i c l e s . T h e s e l e c t i o n o f o p e r a t i n g p r e s s u r e w i l l i n f l u e n c e combustion e f f i c i e n c y , s u l f u r r e t e n t ' i o n , n i t r o g e n o 
C). T h i
s c o n t r o l i s n e c e s s a r y t o achieve. h i g h c o n b u s t i o n e f f i c i e n c y , ' . o b t a i n h i g h h e a t t r a n s f e r r a t e s t o in-bed t u b e s , maximize s u l f u r r e t e n t i o n , a v o i d a s h s i n t e r i n g , l i m i t t h e m e t a l t e m p e r a t u r e of h e a t t r a n s f e r s u r f a c e s ' i n . . t h e b e d , and r e d u c e e m i s s i o n s of n i t r o g e n o x i d e s and a l k a l i metal s a l t s . The f l u i d i z i n g velocity must a l s o b e c o n t r o l l e d w i t h i n f a i r l y narrow l ' i m i t
The upper l i m i t i s d e t e r m i n e d by t h e d e s i r e t o a c h i e v e h i g h h e a t t r a n s f e r r a t e s t o in-bed t u b e s and e f f e c t i v e s o l i d s m i x i n g w i t h o u t l o c a l i z e d s e g r e g a t i o n .
The d e s i g n o f a PFBC f o r CAES a p p l i c a t i o n s i s a l s o i n f l u e n c e d by f a c t o r s u n i q u e t o t h e a p p l i c a t i o n . These i n c l u d e l o a d
f o l l o w i n g , h o t g a s p a r t i c u l a t e c l e a n u p and a l k a l i e m i s s i o n r e d u c t i o n .
TURBOPIACHINERY TECHNOLOGY The d e s i g n of t1.1rbomachinery i s a l s o s i g n i f i c a n t l y i n f l u e n c e d by t h e o p e r a t i n g c o n d i t i o n s . The o p e r a t i n g c o n d i t i o n s f o r t h e t u r b o m a c h i n e r y i n a
-FBCICAES power p l a n t s y s t e m w i l l depend on whether an AFBC o r PFBC i s u s e d .
In' e i t h e r c a s e , however, t h e , o p e r a t i n g t e m p e r a t u r e w i l l be c h a r a c t e r i s t i c . o f c o n d i t i o n s which were a t t a i n a b l e twenty y e a r s ago.
The a p p l i c a t i o n o f an AFBC would r e q u i r e r e l a t i v e l y minor m o d i f i c a t i o n s o f c l e a n f u e l -f i r e d t u r b o m a c h i n e r y d e s i g n s . The AFBC would b e u s e d a s an a i r h e a t e r , and t h i s h e a t e d a i r would b'e expanded i n t h e t u r b i n e , . Although t h e t u r b i n e would b e r e l a t i v e l y s i m p l e t o d e s i g n , a n A F B C~C A E S s y s t e m would s t i l l b e f a c e d w i t h a m a t e r i a l s problem. I n p a r t i c u l a r , t h e e x t e n s i v e h e a t t r a n s f e r s u r f a c e s immersed i n t h e bed and i n t h e h o t c o n v e c t i v e zone f o l l o w i n g t h e bed must c o n t a i n t h e h i g h p r e s s u r e compressed a i r w h i l e b e i n g s u b j e c t e d t o h i g h t e m p e r a t u r e .
The u s e of a PFBC would p r e s e n t more of a d e s i g n c h a l l e n g e t o e n s u r e h i g h r e l i a b i l i t y and low m a i n t e n a n c e f o r t h e t u r b i n e .
The s i z e and amount of p a r t i c l e s e n t e r i n g t h e t u r b i n e would have t o be c o n t r o l l e d w i t h i n narrow l i m i t s by e f f e c t i v e h o t ' g a s c l e a n u p t o minimize t u r b i n e e r o s i o n and p a r t i c l e d e p o s i t i c n . A l i m i t e d amount o f p a r t i c l e s between 2 and 1 0 m i c r o n s c o u l d b e t o l e r a t e d ; however, e s s e n t i a l l y a l l p a r t i c l e s g r e a t e r t h a n 1 0 m i c r o n s would have t o , b e removed from t h e PFBC e f f l u e n t g a s s t r e a m b e f o r e ' t h e t u r b i n e . S m a l l p a r t i c l e s ( 2 micronsand less i n s i z e ) have a n a f f i n i t y t o a d h e r e on ,
i m p a c t : t h e r e f o r e , c o n c e n t r a t i o n s s u f f i c i e n t t o c a u s e f o u l i n g of t h e a i r f o i l s must be avoidmed. The l e v e l o f v o l a t i l i z e d a l k a l i m e t a l s a l t s i n t h e PFBC e f f l u e n t g a s must b e k e p t t o a minimum, and c o r r o s i o n r e s i s t a n t m a t e r i a l s o r c o a t i n g s must b e u s e d . t o r e d u c e t h e p o t e n t i a l f o r e x c e s s i v e c o r r o s i o n . O f f -t h e -s h e l f F B C 2nd t u r b o m a c h i n e r y equipment d o e s ' n o t presrrlLly e x i s t f o r FBC/CAES a p p l i c a t i o n s .
S n a l l s c a l e , commercial f l u i d bed b o i l e r s y s t e m s can b e e n g i n e e r e d now. However, t h e l a r g e r , h i g h e r t e m p e r a t u r e FBC equipment. a s s o c i a t e d w i t h CAES s y s t e m s require c o n t i n u e d development, The m a j o r areas i n which R&D' on FBC i s r e q u i r e d . i n c l u d e f e e d e r s g o r t h e c o a l and s o r b e n t , d e v i c e s f o r e n s u r i n g e f f i c i e n t l a t e r a l d i s t r i b u t i o n of f u e l i n t h e b e d , c o n t a i n m e n t f o r t h e combustor, d i s t r i b u t o r s f o r t h e f l u i d i z i n g and combustion a i r , h e a t t r a n s f e r s u r f a c e s f o r b o t h in-bed and'above-bed t u b e s , d e p r e s s u r i z a t i o n s y s t e m s f o r s p e n t s o r b k n t and f u e l a s h , t u b e b u n d l e s f o r m i n i m i z i n g bed d e p t h and c o n t r o l s y s t e m s f o r . l o a d f o l l o w i n g . I f an AFBC were used i n a CAES power p l a n t s w i t h in-bed a i r h e a t e r t u b e m e t a l t e m p e r a t u r e l i m i t e d t o 1200 F (650 C).
T h i s c o u l d b e f o l l o w e d by t h e e a r l y 1 9 9 0 ' s w i t h a PFBCICAES s y s t e m w i t h t h e same t u b e m e t a l t e m p e r a t u r e l i m i t a t i o n . It i s e n v i s i o n e d t h a t a i r h e a t e r t u b e s i n t h e bed c o u l d o p e r a t e up t o t h e bed t e m p e r a t u r e f o r b o t h t h e A F B C~C A E S -.
and PFBCICAES s y s t e m s by t h e mid 1 9 9 0 ' s . e a c h o f t h e two o i l -f i r e d b u r n e r s o r i g i n a l l y p l a c e d . b e f o r e t h e h i g h p r e s s u r e e x p a n s i o n t u r b i n e (ET) and t h e r e h e a t low p r e s s u r e t u r b i n e (LT).
T h i s arrangement h a s t h e a d v a n t a g e o f e l i m i n a t i n g a l l h e a t t r a n s f e r t u b i n g from t h e b e d s . A l s o , t h e gas, t e m p e r a t u r e e n t e r i n g t h e ET and LT t u r b i n e s would b e a t t h e maximum p o s s i b l e t e m p e r a t u r e f o r f l u i d bed combustors, s o t h e performance s h o u l d b e good.
An a l t e r n a t e c o n f i g u r a t i o n i n F i g . 4 would i n c o ' r p o r a t e a s i n g l e PFBC. I n s , t e a d o f u s i n g a s e p a r a t e h i g h p r e s s u r e PFBC b e f o r e t h e e x p a n s i o n t u r b i n e , a i r g o i n g t o t h e e x p a n s i o n t u r b i n e would b e h e a t e d i n t u b e s ' i m m e r s e d i n t h e main PFBC. T h i s c o n c e p t would e l i m i n a t e t h e c o m p l e x i t i e s of o p e r a t i n g two combustors a t d i f f e r e n t p r e s s u r e s w i t h s e p a r a t e c o a l f e e d and c o n t r o l s y s t e m s . A l s o , t h e problems of o p . e r a t i n g a PFBC a t t h e v e r y h i g h p r e s s u r e s a s s o c i a t e d w i t h a i r s t o r a g e (where n o PFBC o p e r a t i n g d a t a e x i s t ) would b e a v o i d e d , and t h e e x p a n s i o n t u r b i n e would n o t b e exposed t o p a r t i c l e -l a d e n a i r from t h e PFBC.
A v a r i a t i o n o f t h e p r e c e d i n g PFBC scheme ( n o t i l l u s t r a t e d ) would e l i m i n a t e t h e in-bed t u b e s by p a s s i n g t h e h e a t e d a i r from t h e r e c u p e r a t o r d i r e c t l y t o t h e e x p a n s i o n t u r b i n e . T h i s c o n f i g u r a t i o n s h o u l d r e s u l t i n lower t e c h n i c a l r i s k t h a n t h e two p r e c e d i n g o n e s , b u t i t would s u f f e r a s l i g h t performance l o s s due t o t h e reduced g a s t e m p e r a t u r e e n t e r i n g t h e exp a n s i o n t u r b i n e .
A l t e r n a t i v e s y s t e m c o n f i g u r a t i o n s a r e p o s s i b l e u s i n g AFBC i n s t e a d o f ' PFBC. A s d e p i c t e d i n F i g . 5 a i r from s t o r a g e would be p r e h e a t e d i n t h e rec u p e r a t o r , f u r t h e r h e a t e d t o i n t e r m e d i a t e t e m p e r a t u r e i n t h e AFBC, and h e a t e d t o l t s f i n a l t e m p e r a t u r e i n c o n v e c t i v e h e a t e x c h a n g e r s u s i n g h o t g a s e f f l u e n t from t h e bed.
The t h r e e c o n v e c t i v e h e a t e x c h a n g e r s d e p i c t e d c o u l d b e used i n c r o s s f l o w , c o u n t e r f l o w , o r p a r a l l e l f l o w a r r a n g e m e n t s .
V a r i a t i o n s of t h i s 1. Based on c o n s t a n t system a i r flow r a t e 2 . Based o n , u t i l i t y g r i d . h e a t r a t e a t 10,000 BtuIkWh 3 . Based on co 31 h i g h e r h e a t i n g v a l u e
